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We study tunnel magnetoresistance effect in ferromagnet/granular/ferromagnet tunnel junctions in
the Coulomb blockade regime. The granular consists of a Al–O/Co/Al–O/Co/Al–O multilayer,
which was sputtered sequentially. The magnetoresistance ~MR! ratio and the resistance (Rs) of the
junction increased with decreasing bias voltage at low temperatures. The MR ratio and Rs were
calculated based on the theory proposed by Takahashi and Maekawa @S. Takahashi and S.
Mackawa, Phys. Rev. B 90, 1758 ~1998!#. Although the variation of these values on bias voltage
was different from experimental results, the calculated MR ratio in the Coulomb blockade regime
agreed well with the maximum value measured. © 2000 American Institute of Physics.
@S0021-8979~00!54508-3#I. INTRODUCTION
Spin-dependent electron tunneling through small mag-
netic islands has attracted much attention.1,2 According to
theoretical analysis,2 magnetoresistance ~MR! ratio can be
enhanced by co-tunneling at low temperatures and low bias
voltages in a double junction with very small capacitance.
An anomalous increase of magnetoresistance ratio at low
temperatures was reported in insulating granular films;3 the
authors suggested this is due to the significant effect of Cou-
lomb blockade. Since the effective voltage difference be-
tween the neighboring clusters was uncertain, it is difficult to
discuss quantitatively the voltage dependence of the MR ra-
tio in the granular films. On the other hand, the double4 or
triple junction, both of which have one or two ferromagnetic
clusters in the tunneling process, are highly suitable for ex-
perimental study on the voltage dependence of the magne-
toresistance effect in the Coulomb blockade regime. Using
these junctions, we can easily control the number of particle
and distance between particle and electrodes. The smaller
particle size leads to larger charging energy, resulting in the
occurrence of the Coulomb blockade effect at higher tem-
perature. This is an experimental advantage for us. In the
present work, we fabricate the tunnel junctions that contain
ferromagnetic particles between thick ferromagnetic elec-
trodes. The effects of the Coulomb blockade on spin-
dependent tunneling properties have been examined.
a!Author to whom correspondence should be addressed; electronic mail:
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Samples were prepared by rf magnetron sputtering with
inductively coupled plasma ~ICP! onto thermally oxidized Si
substrates at an argon pressure of 0.07 Pa. The junctions had
stacking structures of Ni–Fe ~19 nm!/Co ~4 nm!/Al ~1.3 nm!-
oxide/Co ~0.8 nm!/Al ~1.3 nm!-oxide/Co~4 nm!/Ni–Fe ~10
nm!/FeMn ~50 nm!/Co ~10 nm! and Ni–Fe ~19 nm!/Co ~4
nm!/Al ~1.3 nm!-oxide/Co ~0.8 nm!/Al ~1.3 nm!-oxide/Co
~1.3 nm!/Al ~1.3 nm!-oxide/Co ~30 nm!, which we name S2
and S3, respectively. The single junction, which had a stack-
ing structure of Ni–Fe ~19 nm!/Co ~4 nm!/Al ~1.3 nm!-
oxide/Co ~50 nm! ~S1!, was also prepared under the same
conditions. Al–O layers were formed by ICP oxidation with
a mixture of Ar~0.25 Pa! and O2~0.75 Pa! for 90–150 s after
depositing a thin Al layer. Shadow masks were used to form
a cross-pattern geometry with a junction area of 100
3100 mm2. The magnetoresistance was measured by dc
four-probe method between 2 and 300 K in magnetic fields
of up to about 25 kOe.
III. RESULTS AND DISCUSSION
Figure 1~a! shows the MR curve of S3 measured at 300
K. The curve shows a cusp at low field and small hysteresis.
This specific field dependence suggests that the thin Co lay-
ers between the two thick electrodes are superparamagnetic
at this temperature. Thus it is suggested that tunneling elec-
trons pass through the small Co particles between the elec-
trodes. Figure 1~b! shows the MR curve of the same junction
measured at 2 K. The resistance exhibits maxima at 63 kOe,
where the magnetic moments of Co particles, which can be2 © 2000 American Institute of Physics
 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the moments of the electrodes. Similar MR curves were ob-
served for S2.
Figures 2~a! and 2~b! show the temperature dependence
of the resistance (Rs) and MR ratio measured with a constant
bias voltage of 3 mV. Both the Rs and MR ratio increase
significantly at low temperatures for S3. The increase of Rs
for S2 is smaller than that for S3. S2 dose not show a sig-
nificant increase of the MR ratio at low temperature. It seems
that the tunneling process in the two junctions is different.
Figures 3~a!–3~c! show the bias voltage dependence of
FIG. 1. Magnetoresistance curves of the junction S3 measured ~a! at 300 K
and ~b! at 2 K, respectively.
FIG. 2. Temperature dependence of the resistance ~a! and the MR ratio ~b!
for junction S3. The thin solid lines are guides for the eyes.Downloaded 09 Dec 2008 to 130.34.135.83. Redistribution subject toRs at 2, 10, and 50 K, respectively. Rs increases rapidly with
decreasing bias voltage at every temperature for S3 and S2.
At 50 K the dependences for these junctions are almost the
same. However, with decreasing temperature, Rs for S3 in-
creases more significantly at low voltage than that for S2.
The resistance reaches 43 kV at 1 mV and 2 K. Rs for S2
increases slowly with decreasing the bias voltage and is satu-
rated at lower bias voltages. These increases are much larger
than that observed in conventional single tunnel junctions.
As shown in the inset, the increase of Rs for S1 is as low as
10% of the value at 100 mV. Therefore, it is clear that the
quite large increase in Rs for S3 is due to the Coulomb
blockade effect of the Co particles.
Figures 4~a! and 4~b! show the bias voltage dependences
of the MR ratio for S3 and S2, respectively. The MR ratios
for S2 measured at 2 and 10 K exhibit maxima of 15% near
40 mV and decrease to 10% at 1 mV. The MR ratio for S3 is
almost constant at 50 K and increases with decreasing bias
voltage at 2 and 10 K. The value reaches 17% at 2 K and 1
mV. The increase is more significant with lowering tempera-
ture. Schelp et al.4 observed the gradual increase of the MR
ratio in a double tunnel junction from 3% at 1 V to 10% at
50 mV. They could not make a definitive conclusion because
the magnitude of the increase was in the same order as those
reported for conventional single junctions. We should notice
that the enhancement of the MR ratio in the present work is
FIG. 3. The bias voltage dependence of the resistance of the resistance for
junctions S2 and S3. The inset shows the one for the junction S1. The bold
lines are guides for the eyes. Solid lines in Fig. 3~a! represent the calculated
results for various Ec by taking account of co-tunneling. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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sidering two or three tunneling processes in a conduction
path, an effective bias voltage should be much smaller than
the total bias voltage. It is reported that the MR ratios reduce
by half applying bias voltages of 400–500 mV.5,6 However,
they decrease very slowly below 100 mV. The origin of the
drastic change of the MR ratio for S3 is quite different from
that for single junctions. As shown in Fig. 3, tunnel resis-
tance change strongly suggests the occurrence of the Cou-
lomb blockade effect. Therefore, we can conclude that the
Coulomb blockade effect contributes to the enhancement of
the MR ratio. Bru¨ckl et al.7 reported an increase of the MR
ratio at a temperature as low as 30 mK in a double junction
prepared by using a lithographic technique for single-
electron devices. The enhancement of the MR ratio in the
present work is observed at higher temperatures and higher
voltages than those observed in their work. This is due to
smaller capacitance of Co particles than that of the litho-
graphically patterned junction.
We can estimate roughly the charging energy (Ec) to be
about 20–30 meV. These features strongly support the exis-
tence of the Coulomb blockade effect in S3 at low tempera-
ture and low bias voltage.
The bias dependence of the MR ratio for S2 is quite
different from S3. A similar result was also reported in the
double junction using Co–Pt/Al2O3 granular.8 We discuss
the different behaviors between S2 and S3 using a possible
tunneling model for these junctions. In S2, the top and bot-
FIG. 4. The bias voltage dependence of the MR ratio for junction ~a! S3 and
~b! S2. Bold lines are guides for the eyes. Solid lines in ~a! represent the
calculated results corresponding to Fig. 3~a!.Downloaded 09 Dec 2008 to 130.34.135.83. Redistribution subject totom electrodes are separated by the Al–O layer that is only
about 3 nm thick. If the Coulomb blockade effect appears
strongly in Co clusters, it may be difficult for electrons to
enter the Co clusters. Since the leakage current by way of
direct tunneling between two electrodes should be dominant
in S2, Rs should be saturated, and the MR ratio should de-
crease in the Coulomb blockade regime. On the other hand,
in S3, such a leakage current would be interrupted by two
clustered layers. As a result, Rs and the MR ratio would
increase significantly in the Coulomb blockade regime. For
S3, there may be two tunneling paths through particles: one
is through only one Co particle and another is through two
Co particles. We need structural analysis to make sure which
is dominant in the tunneling.
In order to compare qualitatively our results with the
theoretical prediction, we have calculated the bias voltage
dependence of the Rs and MR ratio using Eq. ~1! in Ref. 9.
For simplicity, we consider tunneling through only one Co
particle between electrodes in this calculation. Solid lines in
Fig. 3~a! show calculated Rs with various Ec at 2 K. We
adjusted other parameters ~RTF and RTA! in the calculation to
fit the Rs and MR ratio measured at 150 mV. The calculated
Rs increases rapidly at the bias voltage that is twice as large
as their Ec . This dependence agree well with the original
work.2 The calculated MR ratios are shown in Fig. 4~a! as a
function of bias voltage. The saturation value of calculated
MR ratio is about 17%, which agrees well with the maxi-
mum value obtained experimentally. The calculated MR ra-
tio rapidly increases at the same bias voltage as for Rs . The
calculated curves are quite different from the experiments.
The discrepancy may be due to currents flowing through
other tunneling paths: direct tunneling between electrodes, or
tunneling through two Co particles in series. It is necessary
to fabricate more precisely controlled particles in tunnel
junction to study further the relation between tunnel magne-
toresistance and the Coulomb blockade effect.
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